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Integrated optic ammonia gas sensor using graphene covered silicon microring resonator is proposed.
Ammonia gas adsorption increases the Fermi energy of graphene. The gas concentration is detected by
the resonant-wavelength shift of microring resonator. The NH3 gas concentration from 0.5 to 1000 ppm is
shown to be measured by the resonant wavelength from 1551.75 to 1551.27 nm. By applying voltage to the
graphene, the Fermi energy is controlled to adjust the sensitivity and the range of detectable concentration.
1. Intr oduction
Graphene is a two-dimensional carbon atomic layered material and has attracted great atten-
tion in electronic and opto-electronic devices due to its unique band structure.1–3) Specific
gas molecules adsorbed on the graphene surface induce change of the electron distribution
in the graphene,4,5) which induces change of the Fermi energy of graphene and then change
of the complex conductivity. Such graphene’s electron behavior is originated by its unique
band structure. This phenomenon is used for gas sensing by detecting optical behavior6–9) or
electrical behavior.10–13) The optical detection using graphene has advantage in low-invasive
interaction by optical evanescent fields over the electrical detection. The optical approach
is also considered to be less affected by degradation of graphene quality over time than the
electrical approach.14)
We focus on optical sensing with optical waveguide devices. In particular, the optical
phase change in the waveguide induced by the gas adsorption has been used as high-sensitive
sensing. So far, various types of graphene based optical sensing devices have been proposed
such as a Mach-Zehnder interferometer with a microfiber on a graphene covered substrate
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as its one arm,15) in-fiber Mach-Zehnder interferometer using interference between guided
mode and clad mode,16,17) side-by-side coupled microfibers,18) a graphene-covered optical
prism,8) a graphene-coated microfiber, a graphene-covered D-shape fiber.8,19) Micro-ring res-
onator covered with graphene has been investigated from the viewpoint of resonant quality20)
and optical modulation.21) Microring resonators22) have also been used for sensing without
graphene layer.23–25)
In this paper, we propose a gas sensor consisting of graphene covered silicon-waveguide
microring resonator for NH3 gas.26) Since the optical wavelength used for sensing is in op-
tical communication band, remote sensing through optical fiber transmission is performed
without electro-magnetic affection. It is found that the gas concentration can be detected by
the resonant wavelength change. The Fermi energy is manipulated by applying voltage to
the graphene, which will result in adjusting the sensing sensitivity and the sensing range of
gas concentration. We discuss comprehensive description of the sensing principle and de-
tailed derivation of equations based on our proposal.26) The optical sensing with graphene
and waveguide devices have advantages such as miniaturized system with small footprint,
low power consumption, remote sensing, high-sensitivity, and good flexibility27) compared
to the frequently used techniques in commercial NH3 gas detectors based on metal- and
semiconductor-oxide sensors, catalytic metal sensors, conducting polymer sensors, and opti-
cal absorbance analyzers.28)
2. Device structure
The basic structure of the proposed device consists of a microring resonator with ring radiusR
covered by a single atomic layer of graphene as shown in Fig. 1. The graphene is assumed to
coat on top and side surfaces of the ring waveguide and on the substrate. Optical continuous
wave at wavelengthλ is coupled from a straight waveguide. The silicon waveguides with
width W and heightH are formed on a SiO2/Si substrate. The fabrication process described
in Ref.20) is a possible way for our proposed device. Selective patterning of graphene is also
described in the literature, which is performed by reactive ion etching with an O2 gas flow.
NH3 molecules adsorbed on graphene will act like a donor.5,8) As a result, the adsorption
of NH3 molecules changes the Fermi level of the graphene, which induces the conductivity
change. High sensitivity is caused by the fact that graphene has a low density of states near
the Dirac point and small change in carrier density results in large change in Fermi energy.14)
The resonant wavelength shift in the microring resonator is then induced due to the effectiv
index change of the graphene covered waveguide.
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Fig. 1. (a) Graphene covered optical microring-resonator gas sensor and (b) cross-section of the ring
resonator with applied voltage.
The Fermi energy is also adjustable by applying voltage to the graphene as shown in
Fig. 1(b). The voltageVg is applied between the graphene and Si waveguide through a thin
insulating layer of SiO2 with thicknessd. A thin Si layer is employed below the Si core to
apply Vg.21) Thus, the applied voltage will expect to control the sensitivity and the sensing
range of the gas concentration.
3. Sensitivity for NH 3 gas concentration
Assuming the resistivity and the conductivity of graphene without NH3 gas asρs andσs,
respectively, we find∆σ/σs = (∆ρ/ρs)/[(∆ρ/ρs) + 1]. Graphene relative resistivity change
∆ρ/ρs as a function of NH3 concentration is found from the experimental result of resistivity
by Yavariet al.29) as shown in Fig.2. The relative conductivity change∆σ/σs calculated from
the resistivity change is also plotted.


























whereσ0 = q2/(4ℏ), q is the electron charge,kBT is the thermal energy,ℏω is the photon en-
ergy,ℏγ is the electron relaxation energy, andγ is the intraband scattering rate. The complex
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Fig. 2. Resistivity and conductivity of graphene as a function of NH3 gas concentration from Yavariet al.29)
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Im
Fig. 3. The complex conductivityσ = σ′ + jσ′′(= Re[σ] + jIm[σ]) as a function of the Fermi energyµc
using eq.(1).
Fig. 4. The evaluatedµc for the graphene in NH3 atmosphere.
conductivityσ as a function of the Fermi energyµc using eq.(1) is plotted in Fig. 3. Theµc
for the graphene in NH3 atmosphere is evaluated using the conductivity from Fig. 2 as shown
in Fig. 4. From Figs. 3 and 4, the complex conductivityσ = σ′ + jσ′′ is found as in Fig. 5.
The complex refractive indexn = n′+ jn′′ of the graphene is calculated fromσ = σ′+ jσ′′
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Fig. 5. The complex conductivityσ = σ′ + jσ′′(= Re[σ] + jIm[σ]) for the graphene in NH3 atmosphere.
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whereε0 is the dielectric constant under vacuum,∆ is the graphene thickness. We assume∆
to be 0.4 nm.31) Fig. 6 plots the complex refractive index as a function of the Fermi energy.
The evaluated complex refractive index of graphene as a function of NH3 concentration
in air is finally obtained as shown in Fig. 7.
Optical guided modes were analyzed by finite element method (FEM) with COMSOL
software. The guided modes in silicon ridge waveguide ofW = 500 nm andH = 220 nm
with 0.4-nm thickness graphene cover were calculated at wavelengthλ = 1551.2 nm. The thin
Si layer below the Si core for voltage application was not considered in the calculation. Mesh
grids in the cross-section of the waveguide for the FEM calculation are shown in Fig. 8(a),
where the dense grids are used to model thin mono-layer graphene. The detailed grids at the
right-lower corner of the silicon core are shown in Fig. 8(b).
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Fig. 7. The evaluated complex refractive indexn = n′ + jn′′(= Re[n] + jIm[n]) of graphene as a function of
NH3 concentration.
(a) (b)
Fig. 8. Mesh grids for FEM calculation, (a) modeled waveguide area and (b) at the right-lower corner of
silicon core.
The x, y, andz components of the calculated electric fields in TE-like mode in the case
of NH3 gas concentration of 0.5 ppm are plotted in Figs. 9(a), (b), and (c), respectively. The
total electric field|E| is also plotted in Fig. 9(d).
The calculated complex eff ctive indexN = Nr + jNi of the TE-like mode is shown in
Fig. 10. BothNr and |Ni | decrease with the NH3 concentration. The decrease of|Ni | means
decrease of propagation loss of the guided mode.
Now, we consider the ring resonator. The transmittance of the resonator is obtained by32)∣∣∣∣∣EoutEin
∣∣∣∣∣2 = r2 + a2 − 2ar cosϕ1+ a2r2 − 2ar cosϕ, (3)
wherer is the uncoupled (bar-path) coefficient between the ring and the straight waveguide,
a = exp(2πk0NiR) corresponds to the ring propagation loss,k0 = 2π/λ is the wave number,
andϕ = −2πk0NrR is the round-trip phase shift experienced in the ring. The radiusR of the
ring is assumed as 50µm. We also assume the uncoupled coefficientr as 0.95. The transmit-
tance drops at nearly periodical wavelengths. Figure 11 shows the transmitted output intensity
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(a) (b)
(c) (d)
Fig. 9. Calculated electric fields in TE like mode in the case of NH3 concentration of 0.5 ppm, (a)|Ex|, (b)
|Ey|, (c) |Ez|, and (d)|E|.
Fig. 10. Effective indexN = Nr + Ni of the guided TE-like mode as a function of NH3 concentration.
|Eout/Ein|2 for the cases of NH3 concentration of 0.5, 2, 10, 40, 200, and 1000 ppm. The effec-
tive index at each of the wavelength is calculated by FEM in order to consider the wavelength
dependence ofNr andNi due to the large dispersion of Si waveguide. The minimum output
intensity (dip) shifts to shorter wavelength direction by increasing the gas concentration. The
resonant dip is relatively broad due to the propagation loss of the guided mode. The free spec-
tral range (FSR) is around 1.8 nm. The Q factor is calculated to be around 1700. The Q factor
without graphene overlay is calculated to be 52500 by using Eq. (20) in Ref.33) The graphene
overlay reduces the Q factor. In Ref.,20) the Q factor for the ring resonator ofR = 10 µm
reduces from 7900 to 1200 by overlaying graphene in the length from 0 to 20µm.
One of the wavelength drop varies as a function of NH3 concentration as shown in Fig. 12.
Thus, the gas concentration is measured by the wavelength shift of the dip. The dip wave-
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Fig. 11. Wavelength dependence of the output intensity from the resonator for NH3 concentration of
200 ppm and 1000 ppm.
Fig. 12. The dip wavelength of the resonant as a function of the NH3 concentration.
length decreases monotonically with the NH3 concentration. The sensing sensitivity varies
with the gas concentration. The sensitivity from 0.5 to 2 ppm is evaluated to be 67 pm/ppm,
whereas the value decreases to 0.69 pm/p from 40 to 200 ppm.
Finally, we discuss controllability of the measurement sensitivity. The Fermi energyµc is
changed by applying voltage to the graphene. The carrier density in the graphene is changed
by applying electric voltage. This is caused by Fermi energy shift induced by carriers. The








wherevF is the Fermi velocity (=106 m/s), ε/ε0 for SiO2 is 3.8. Fig. 13(a) shows the cal-
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(a)
(b)
Fig. 13. Adjustment of sensitivity by applying voltageVg; (a) Fermi energy change by applying voltage to
graphene, (b) Fermi energy change as a function of NH3 concentration.
culatedVD with SiO2 thicknessd as a parameter. The Fermi energy as a function of NH3
concentration shown in Fig. 4 is expected to be adjusted by applying the voltageVg as il-
lustrated in Fig. 13(b). The sensitivity for higher NH3 concentration might be adjusted by
applying a negative voltageVg according to the gas concentration range to be measured. Note
that the sign ofq is changed with the sign ofVg since the dominant carrier for the negative
voltage case is hole.34)
4. Conclusion
An optical NH3 gas sensor consisting of graphene covered microring resonator was proposed.
The sensitivity was analyzed by FEM. It was clarified from the simulation using experimental
data on graphene resistivity that the gas concentration from 0.5 to 1000 ppm was successfully
measured by the resonant wavelength shift of the microring resonator. The sensitivity from
0.5 to 2 ppm was evaluated to be 67 pm/ pm. The sensitivity of the gas detection might
be adjusted by applying electric voltage to the graphene to shift its Fermi energy. There is
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a trade-off between the sensitivity and the extinction ratio calculated from the spectral dip
depth at the resonant wavelength due to the relation of graphene length and optical loss.
Although the required sensitivity and extinction ratio depend on the application, we will
consider optimized designs and performances for the proposed optical NH3 gas sensor. We
will also numerically evaluate the resonator characteristics of the proposed sensor in future
by using finite difference time domain method.
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